Inhibitors of urokinase-type plasminogen activator (uPA) were selected in vitro from two ecotin phage-display libraries to study the effect on binding of amino acid substitutions at critical positions 108, 110, 112, and 113 within the 100s loop (RNKL, respectively, in wild type ecotin). The first, a focused library, was the result of a computation-assisted approach using the three-dimensional structure of the ecotin-trypsin complex to guide the modeling of amino acid substitutions predicted to increase affinity for uPA. The second, a complete library, allowed for all substitutions at the above identified positions. The consensus sequences selected from the focused, and complete libraries were RRWS and R(R/N)QL, respectively. Inhibition constant determinations showed ecotin variants containing these sequences to be similarly potent (K i ‫؍‬ 1-2 nM). These substitutions were combined with previously identified substitutions in another critical region of ecotin. One of these combinations (D70R/M84R/RRQL) is the tightest (K i ‫؍‬ 50 pM) ecotin variant inhibitor of uPA. The blending of combinatorial methods and computer algorithms designed to predict stronger binders has allowed us to obtain protein derivatives that exhibit greatly increased affinity for a predetermined target. This technology can be applied to select for enhanced binding interactions at protein-protein interfaces and accelerate the process of protease inhibitor development.
The formation of protein-protein complexes is an essential element of virtually every cellular process. These complexes may be permanent or transient, associating and dissociating as conditions require. Enzyme-protein inhibitor complexes and activator complexes are archetypal examples of transient complexes (1, 2) . The biochemical study of numerous enzymeinhibitor complexes has led to the assembly of structural and mechanistic data bases, providing further impetus for using these complexes as models to investigate fundamental biochemical and biophysical principles of protein-protein recognition.
The interaction of urokinase-type plasminogen activator (uPA) 1 with the macromolecular serine protease inhibitor, ecotin, is the basis for an enzyme-inhibitor complex model system that is particularly amenable to genetic manipulation. uPA is a serine protease originally found to convert plasminogen to plasmin (3), thereby playing an active role in extracellular proteolysis, cell migration, and tissue remodeling (4) . As a result of its potential role in cancer metastasis and tumor invasion (5) , uPA has become an important target for anti-cancer drug development (6) .
Ecotin is a macromolecular serine protease inhibitor found in the periplasm of Escherichia coli (7) . This highly malleable, dimeric, macromolecular serine protease inhibitor has been modified to enhance inhibition of selected proteases (8 -11) . Ecotin has four surface loops that participate in tetramer formation through their interaction with two bound protease molecules. The interaction involves two binding sites on each ecotin monomer. The "primary binding site" composes the reactive loop of ecotin (also referred to as the 80s loop (residues 81-86)) and the supporting 50s loop (residues 52-54). These loops cooperate to bind the active site of target proteases. The "secondary binding site" includes two surface loops of ecotin: the 60s loop (residues 67-70) and the 100s loop (residues 108 -113), which bind to the C-terminal region of the target protease ( Fig.1) . Whereas the conformation of the 80s loop is canonical, at least for the central six amino acids around the cleaved site, the conformation of the secondary binding site is less well characterized. The secondary binding site is unique to ecotin and has not been observed in other protease-inhibitor complexes. The combined buried surface area within an ecotinprotease tetramer is ϳ2,800 Å 2 (10) . We have shown previously (9) that a high affinity inhibitor of uPA can be isolated from a library of phage-displayed ecotin variants harboring randomized amino acid residues at positions 84 and 85. These amino acid residues mimic the corresponding P1 and P1Ј residues of an uPA substrate. We have further demonstrated that the side chain of the P1 residue has a cooperative rather than an independent role in determining the protease specificity of an ecotin variant. In addition, the loss of function associated with alanine substitutions in the 60s and 100s loops supports a model in which these loops provide the critical binding energy necessary for formation of the stable tetramer complex and the resulting protease inhibition. Experimental data have established the essential role of the secondary binding site for ecotin-protease complex stability and revealed a dynamic and interdependent relationship between the 60s and 100s loops (10) .
Several biochemical and genetic approaches have been used to detect and study protein-protein interactions, including library-based methods such as the yeast two-hybrid screen (12, 13) and the phage display method (14 -16) . Phage display is a highly selective combinatorial methodology that has been successfully applied to evaluate the important interfacial amino acids for a wide range of peptides and proteins (17) (18) (19) . Because a variant polypeptide is expressed on the surface of the phage particle that harbors the library clone, isolation of phage particles based on physical properties (e.g. binding to an immobilized protease), followed by propagation in bacteria, leads to the rapid availability of phage DNA for sequence analysis.
Phage display suffers from several notable limitations, including a physical size limitation for the polypeptide to be studied, the requirement for proteins to be secreted in order to bind the immobilized target molecule, and the use of a bacterial host that may preclude the correct folding or modification of some proteins (2) . From an experimental perspective, phage display suffers from an additional and potentially more profound constraint, the limited volume of conformational space that can be explored with a single library (20) .
We have investigated the use of a combinatorial computerassisted library design (CALD) algorithm developed to predict amino acid substitutions in ecotin that would increase its affinity for uPA and thus reduce the complexity of a phage display library designed to study macromolecular recognition between uPA and ecotin. The role of specific amino acid substitutions in the 100s loop of ecotin in the inhibition of uPA was evaluated by comparing variants selected from a fully randomized four-position library to those selected from the focused library. The results indicate that, although the focused phage library was 34-fold smaller than the full library, the consensus sequences obtained from the two libraries were similar (although not identical) and that the K i values of the selected variants were within 2-fold. Moreover, our results confirm that interactions between the 60s, 80s, and 100s loops of ecotin are important for protease binding and inhibition.
EXPERIMENTAL PROCEDURES

Bacterial Strains and Reagents
E. coli strain JM101 XL-1 Blue FЈ and VCSM13 helper phage were obtained from Stratagene (La Jolla, CA). E. coli ecotin gene deletion strain IM⌬ecoJ was derived from strain JM101 and was a generous gift from Dr. Iain Murray. Low molecular mass uPA (LMuPA) and carbobenzoyl-L-␥-glutamyl(␣-ortho-tert-butyl)-glycyl-arginine-p-nitroanilide monoacetate salt were obtained from American Diagnostica (Greenwich, CT). Enzymes and other reagents for the manipulation of DNA were purchased from Promega (Madison, WI) or New England Biolabs (Beverly, MA) and were used following the manufacturers' instructions. The Sequenase version 2.0 DNA sequencing kit was obtained from U. S. Biochemical Corp. Oligonucleotides were synthesized with an Applied Biosystems 391 DNA synthesizer (Foster City, CA). Falcon polystyrene Petri dishes were from Fisher. All other chemicals were of reagent grade or better and were used without further purification.
Computer Modeling of uPA-Ecotin Complexes and Prediction of Amino Acid Substitutions to Increase the Affinity of Ecotin for uPA
Homology modeling of ecotin-uPA complexes was based on the published crystal structure of the trypsin-ecotin complex (Protein Data Bank code 1SLU) (21) . Briefly, uPA (Protein Data Bank code 1LMW) was aligned to the trypsin molecule with a root mean square standard deviation of 1.6 Å over 216 amino acids (22) . Steric clashes in the resulting uPA-ecotin model complex were relaxed with 100 steps of simulated annealing in the 60s, 80s, and 100s loop regions (defined below) using Sybyl (Tripos, Inc.). Prediction of the amino acid substitutions that would increase the affinity of ecotin for uPA was performed as follows. (i) Residues 108 -113 in the 100s loop were changed to glycines. (ii) Force field scoring grids were defined for the 100s loop regions of both the uPA-ecotin complexes (i.e. bound ecotin) and ecotin in the absence of uPA (i.e. free ecotin) using the program CHEMGRID (23) . Free ecotin was used as a reference state when performing mutagenesis calculations, and each site was scored independently. (iii) Each glycine residue at the positions listed in (i) were systematically changed to each of 17 other amino acids (ADEFHIKLMNQRSTVWY) using DOCK 4.0 (24) . Initially, neighboring loop amino acids were maintained as glycines. In preparation for the docking calculation, energy scoring grids and sphere sets were generated, characterizing both the ecotin surface (in the absence of uPA) and the ecotin-uPA interface. (iv) For each amino acid substitution we calculated the estimated change in binding energy (⌬E ϭ E X Ϫ E Gly ) for each conformer in a rotamer library of side chains using the DOCK force field scoring function. The rotamer libraries were generated by systematically iterating through each rotatable bond in all side chains at 15°increments. (v) The estimated change in binding energy/amino acid was calculated for both the complexed and free ecotin structures. These binding energies were then used to calculate a ⌬⌬E, representing the net change in binding energy/amino acid upon uPA-ecotin complex formation ( Fig.  2A) . For the purposes of these calculations, it was assumed that all sites are independent. This assumption is roughly correct for non-neighboring sites but not for spatially proximal sites. (vi) We addressed this latter issue by calculating pairwise interaction energies for overlapping sites. Pairs of sites that we predicted would interact with one another based on the ecotin-uPA homology model were selected. For site pairs 108 -110, 110 -112, and 112-113, the 1,000 conformers with the lowest individual ⌬⌬E scores at each site were rebuilt into the bound and free ecotin structures. Thus 1,000 ϫ 1,000 ϭ 10 6 pairs were rescored in the same manner as the independent sites with the addition of a side chain-side chain interaction energy term (Fig. 2B) neighboring loop residues), were finally selected for the design of a focused phage display library that would be smaller and easier to construct than an exhaustive library. Similar calculations were performed using the ecotin-trypsin complex as a control to determine whether the methodology was able to predict accurately the amino acids in the 60s and 100s loops that contributed to ecotin-trypsin binding.
Phage Display Library Design and Construction
Construction of Combinatorial Computer-aided Design Library (Focused Library)-Degenerate ecotin loop sequences were designed that would encode the five top amino acid residues selected at each loop position. In some cases, codons for additional amino acid residues were also possible due to the nature of primer design. The vector pBSecogIII⌬100, consisting of a combined deletion, frameshift, and stop codon mutation at amino acids 108 -113, was the generous gift of Dr. C.-I. Wang. The M84R mutation was introduced using oligonucleotide RK84 (5Ј-GTTCCCCGGTTAGTACTA(GA)GATGGCCTGCC-3Ј). The resulting vector, pBSeco-gIII(M84R⌬100), was then used to construct a phage library comprising the codon for the M84R mutation and the randomized codons corresponding to the computer-predicted amino acid substitutions for positions 108, 110, 112, and 113 (Table III) . Kunkel mutagenesis was employed using oligonucleotide QY/LIB-R10XC (5Ј-G-TATCTGGGCGATGCTGGCATGCTGDDATACMDKAGCDRKRDKC-CGATCGTGGTGTATACG-3Ј), where D ϭ A, G, and T; M ϭ A, C; K ϭ G and T; and R ϭ A and G. All mutations were confirmed by dideoxynucleotide sequencing.
Construction of the Complete Library-A complete library was designed to include all 20 natural amino acids at positions 108, 110, 112, and 113. Vector pBSeco-gIII⌬(100-gIII), used as the vector for the insertion of the library, was constructed as follows. Plasmid pBSecogIII (M84R/N110R/K112W/L113S), which had the SphI site incorporated at the codon for amino acid 106, was digested with AatII and AflII, filled in using T4 DNA polymerase, and religated.
Plasmid pBSeco-gIII⌬100 was used in a PCR with 5 pmol of oligonucleotide SJ (5Ј-GATGCTGGCATGCTGNNSTACNNSAGCNNCNNC-CCGATCGTGGTGTACACGCCAGACAATGTAGACGTC-3Ј) and 25 pmol of oligonucleotide ML21 (5Ј-GTATCGATAAGCTTAAGACTCCTT-ATTCCGGAGTATGTTAGCAAACGTAGAAAATA-3Ј) to generate a library of inserts. The amplified region was gel-purified to remove residual template, digested with SphI/HindIII, and ligated to the SphI/Hind-III fragment of vector pBSeco-gIII⌬(100-gIII). The ligation mix was cleaned by phenol/chloroform extraction and ethanol precipitation prior to library construction by transformation (through electroporation) into FЈ XL-1 Blue cells.
To ensure the randomness of the resulting libraries, individual clones were isolated, and plasmid DNA was purified using standard
procedures. An SphI/HindIII restriction digest of the sample DNA was used to monitor for the presence of a library member. Positive samples were sequenced to confirm the random incorporation of nucleotides.
Ecotin Library Biopanning and Amplification
Ecotin library biopanning and plate amplification procedures were performed as described (8) .
Ecotin Mutagenesis
The plasmids pTacTac-ecotin(M84R/RRWS) and pTacTacecotin(M84R/RRQL) were constructed by digesting the plasmids pBSeco-gIII(M84R/RRWS) and pBSeco-gIII(M84R/RRQL), respectively, with BamHI and AatII, gel-purifying the small fragment, and incubating it together with the large BamHI/AatII fragment of the pTacTacecotin vector in the presence of T4 DNA ligase.
The plasmids pTacTac-ecotin(RRWS) and pTacTac-ecotin(RRQL) were constructed by amplifying a fragment from the plasmid pTacTacecotin by PCR using the oligonucleotides ML36 (5Ј-TCTAGAACTAGT-GGATCCATCGATGC-3Ј) and ML49 (5Ј-CTGTTGTAACGCAGCATGC-CAGCATCGCCCAGATAC-3Ј). The fragment was cleaned by phenol/ chloroform extraction followed by ethanol precipitation, digested with BamHI and SphI, and then incubated with the large BamHI/SphI fragment of the pTacTac-ecotin(M84R/RRWS or pTacTac-ecotin(RRQL) vector, respectively, in the presence of T4 DNA ligase.
The plasmids pTacTac-ecotin(D70R/M84R/RRWS) and pTacTacecotin(D70R/M84R/RRQL) were constructed by amplifying a fragment from the plasmid pTacTac-ecotin(D70R/M84R) by PCR using the oligonucleotide primers ML36 and ML49. The fragment was cleaned by phenol/chloroform extraction followed by ethanol precipitation, digested with BamHI and SphI, and incubated with the large BamHI/ SphI fragment of the pTacTac-ecotin(M84R/RRWS) or pTacTacecotin(M84R/RRQL) vector, respectively, in the presence of T4 DNA ligase.
The plasmids pTacTac-ecotin(D70R/RRWS) and pTacTacecotin(D70R/RRQL) were constructed by amplifying a fragment from the plasmid pTacTac-ecotin(M84R/D70R) or pTacTac-ecotin(M84R/ RRQL), respectively, by PCR using the primers ML36 and ML50 (5Ј-GTCAGTTCCCCGGTTTCAACGATGATGGCCTGCCCGGATGGC-3Ј). A fragment from the plasmid pTacTac-ecotin was amplified by PCR using the primers ML51 (5Ј-GCCATCCGGGCAGGCCATCATCGTTG-AAACCGGGGAACTGAC-3Ј) and ML49. In a second PCR, 0.5 l of one of the ML36/ML50 PCR products and 0.5 l of the ML51/ML49 PCR products were used along with the primers ML36 and ML49. The resulting fragments were cleaned by phenol/chloroform extraction followed by ethanol precipitation, digested with BamHI and SphI, gelpurified, and incubated with the large BamHI/SphI fragment of the pTacTac-ecotin(M84R/RRWS) or pTacTac-ecotin(M84R/RRQL) vector, respectively, in the presence of T4 DNA ligase.
The plasmid pTacTac-ecotin(D70R) was constructed by amplifying a fragment from the plasmid pTacTac-ecotin(M84R/D70R) by PCR using the primers ML36 and ML50. A fragment from plasmid pTacTac-ecotin was amplified by PCR using the primers ML52 (5Ј-GGTACTTGACGTC-TACATTGTCTGG-3Ј) and ML49. In a second PCR, 0.5 l of the products from each PCR were used along with primers ML36 and ML52. The resulting fragment was cleaned by phenol/chloroform extraction followed by ethanol precipitation, digested with BamHI and AatII, gelpurified, and incubated with the large BamHI/AatII fragment of the pTacTac-ecotin vector in the presence of T4 DNA ligase.
Expression of Ecotin and Determination of K i Values
Wild type and variant ecotin proteins were expressed and purified as described (10) . K i values of wild type and variant ecotin proteins against uPA were determined using methods described previously (9) A, for each amino acid substitution the estimated change in binding energy per amino acid was calculated for both the ecotin-uPA complexes and free ecotin dimers. These binding energies were then used to calculate a ⌬⌬E, representing the net change in binding energy/amino acid upon formation of the uPA-ecotin complex. B, pairwise interaction energies were calculated for overlapping sites by assuming additivity. reversible tight binding inhibitors (25) by non-linear regression analysis. All data analysis was performed using Kaleidagraph (Synergy Software; Reading, PA).
RESULTS
Modeling of Ecotin Amino Acid Substitutions at Positions 108, 110, 112, and 113 Predicted to Increase the Affinity for
uPA-Positions 108, 110, 112, and 113 of the ecotin monomer protein were selected for study based on a structure-based approach adopted to dissect and isolate the relative contribution from the distinct binding sites (10) .
In this study, the role of the ecotin 100s loop in determining binding specificity was first examined using computer modeling. To predict the preferred substitutions, amino acids were analyzed independently and in pairwise combinations to determine their binding energies based on a homology model of the ecotin-uPA complex. The independent site calculation was performed by iterating through 17 amino acids at one position although keeping the other positions constant as glycines (Table I). The pairwise site calculation was performed for pairs of sites with possible side chain steric overlap. For ecotin, the pairs of sites that were evaluated were 108 and 110, 110 and 112, and 110 and 113 (Table II) . The amino acids selected for each position are shown ranked by descending energy score, with the most probable candidates at the top of the list. Both sets of calculations resulted in the same favored amino acids for each position: Arg for 108, Lys for 110, Glu for 112, and Glu for 113; however, there was variation in the subsequent 4 amino acids selected for each position (Table III) .
As expected, the amino acids chosen by the independent site calculation tended to have longer or more bulky side chains than those chosen through the pairwise site calculation. In the case of the independent site calculation, the removal of steric constraints imposed by neighboring sites favors the selection of bulky amino acids that maximize van der Waals interactions with the uPA interface. For example, tryptophan and tyrosine were selected through the independent site calculations as good candidates for position 108, whereas they were not selected in the corresponding pairwise site calculations. Results from the independent site calculations indicated that for positions 108 and 112, there was a strong preference for one amino acid, whereas for position 110, three amino acids (Lys, Met, and Arg) appeared to be equally favored. Position 113 showed the most gradual decent in score, indicating that this site was more permissive than others based on our scoring regime.
Upon the inclusion of pairwise rotamer-rotamer interaction energies in the calculation, we observed that neighboring amino acids with complementary charges were favored. Charged amino acids were selected by both the individual and pairwise site calculations as promoting electrostatic interactions with uPA. However, the pairwise site calculation predicted an additional energy bonus resulting from rotamer-rotamer electrostatic interactions in ecotin. An example of this effect can be seen in Table II, row 2. D108, R110, and D112 were considered more promising candidates by the pairwise calculation due to their favorable inter-rotamer electrostatic interactions, whereas in the independent calculation, bulky hydrophobic residues were preferred over these amino acids. As was the case with the independent site calculations, the lowest variation in score is observed at position 113. Positions 110 and 112 exhibit clear preferences for 3 and 2 (Lys, Arg, Met, and Glu, Asp) amino acids, respectively. Unlike the independent site calculation, the pairwise calculation resulted in a weaker selectivity at position 108. This difference is most likely due to the additional energy resulting from rotamer-rotamer electrostatic and van der Waals interactions, which favored smaller, charged side chains. Positions 108 and 110 share a common side chain pocket that is large enough to accommodate amino acids such as tryptophan in the independent site calculation. However, having to share occupancy of this pocket with a side chain from residue 110 in the pairwise calculation restricted the selection of amino acids at 108 to those with less bulky side chains. Because both calculations resulted in the selection of the same 5 amino acids for positions 110, 112, and 113 with variations in the ranking of these residues, merging the results of the two sets of calculations for these three positions was therefore straightforward. To maximize potential side chain packing and minimize steric collisions, the amino acid ranking observed from the pairwise calculation was used for those positions in the design of the focused library. We also opted to use the results of the pairwise calculation to select amino acids for position 108, despite the differences resulting from the independent site calculation.
Design and Construction of Libraries-Preliminary studies suggested that biopanning of the ecotin M84R 100s loop library against uPA would produce a small number of strong binders from the millions of library members (10) . To determine the amino acid substitutions required to increase the binding affinity of ecotin for uPA, and to evaluate the ability of computer modeling to predict the substituents, two libraries were designed. Within each library, amino acids 108, 110, 112, and 113 of the ecotin molecule were either changed to a pre-determined subset of amino acids or fully randomized.
The first library (referred to herein as the focused library), based on computer modeling of the most likely strong binders to uPA, incorporated all codons necessary for the translation of ecotins harboring the computer-selected amino acid substitutions. Due to the combination of the nucleotides present at each position of the triplet, coding for additional amino acid residues that were not computer predicted was unavoidable. The second a Best interaction energy for residue X at position Y assuming independence of sites (for example, in the indicated case X ϭ R and Y ϭ 108). The top five ranked residues and the sixth for reference are presented. codons. The focused library thus represents a 34-fold decrease in complexity. The focused library was constructed using Kunkel mutagenesis and contained ϳ1.43 ϫ 10 5 individual clones as determined by evaluating the transformation efficiency. The library was shown to be over 99.9% complete as calculated using the equation N ϭ ln(1 Ϫ p)/ln(1 Ϫ (1/n)), where N is the number of total individual clones in the library; n is the number of possible combinations, and p is the probability that any clone can be found in the library given a library size. Libraries were characterized for randomness at the nucleotide level as described under "Experimental Procedures." The results showed that the nucleotide sequence was within the correct reading frame and randomized without significant deviation from the expected frequency distribution (results not shown).
Attempts to construct the complete library using the Kunkel method failed to yield a library that was more than 71% complete. An alternative approach, using degenerate oligonucleotides and the PCR, was then used. A truncated cloning vector was created by deleting the 3Ј end of the ecotin gene and all of gene III. This resulting plasmid was digested with SphI/HindIII to serve as a vector fragment to receive the degenerate PCR product obtained using oligonucleotides SJ and ML21, where the degenerate oligonucleotide SJ encoded the library (this fragment contained the 3Ј end of the ecotin gene and all of gene III). The absence of gene III in the cloning vector ensured that all phage-expressed ecotin variants were derived from plasmids harboring the degenerate PCR products. To avoid the preference for a subset of members of the SJ oligonucleotide library, based on specific nucleotide sequences, the concentration of SJ was limited to 5 pmol, thus ensuring complete incorporation of the degenerate oligonucleotides and library randomness. 7.53 ϫ 10 6 clones were obtained representing a 99.9% complete library. Correct incorporation and randomness were verified as above.
Identifying Stronger Ecotin Binding Sequences Against uPA in the Focused and in the Complete Ecotin Phage Libraries-
Each library was individually screened against immobilized LMuPA as described (8) . The screening involved in vitro selection methods in which the LmuPA was bound to the plate, and the library mixture was added. The plate was washed, and the tight binding phage was eluted. This process is referred to as biopanning (or panning). To ascertain that the biopanning was selecting for complete (full-length ecotin) library members, 10 individual clones were isolated from the eluent pool after each round of biopanning, and plasmid DNA was purified using standard procedures. An SphI/HindIII restriction digest of the sample DNA was used to confirm the presence of library insert. After the second round of biopanning of the focused library, 60% were positives; after the third round, 70%; after the fourth round, 80%; and after the fifth round, 90%, thus clearly demonstrating enrichment for full-length variants (results not shown). The results of sequence analysis of 15 individual clones, obtained after five rounds of biopanning, are presented in Table IV . All clones contained Arg at position 108. Twelve clones contained Arg at position 110. Ten clones contained the sequence RRWS at positions 108, 110, 112, and 113, respectively, demonstrating this to be the preferred sequence.
Consistent with the CALD predictions, the ecotin variant selected during biopanning contained an Arg at position 108. The appearance of Arg at position 110 was also predicted by computer modeling, although Asn was the most favored computer-predicted residue at this position. The appearance of Trp at position 112 was the third most favored, computer-predicted residue. The appearance of Ser at position 113 represents a departure from the computer-predicted substitution. In fact, the presence of Ser codons in the library was a fortuity of the mutagenesis procedure, and the substitution of Ser at position 113 was not predicted to contribute to ecotin-uPA complex formation.
The complete library was panned in a similar manner. Restriction analysis of 10 library samples harvested after each biopanning cycle was performed as above to monitor the phage pool throughout the course of biopanning and to ensure that library members were not accumulating deletions. Twenty individual clones were sequenced after four rounds of biopanning.
Sequence analysis of 19 individual clones obtained after four rounds of biopanning with the full library resulted in the variants shown in Table V . As was the case with results obtained with the computer-generated library, the variant RRWS proved to be a prevalent strong binder (25% of total sample). However, sequencing results demonstrated a trend toward the consensus sequence R(R/N)XL. Moreover, four variants differed significantly from the consensus sequence. Three additional rounds of biopanning were performed in an effort to obtain a single strongly bound consensus sequence. The results are presented in Table VI .
Results obtained from the sequence analysis of 21 individual clones after seven rounds of biopanning demonstrated a clear preference for the sequence R(R/N)XL with RRQL most represented. The RRWS sequence still appeared, although in a proportionately smaller subset of the clones (14%). The only amino acid allowed at positions 108 was Arg consistent with the computer-generated library prediction for this site. At position 110, there is a quasi equal preference for Arg and Asn. Position 112 seems the most adaptable, although neutral or positively charged amino acids were preferred. A notable exception is the appearance of Trp at 112 with the concomitant presence of Ser at 113. Finally, Leu is clearly the preferred amino acid residue at position 113 except when position 112 is occupied by Trp.
Determination of Kinetic Values for the Affinity-selected Ecotin Mutants-
To test the ability of the affinity-selected ecotin variants to inhibit the activity of uPA, the phage-selected sequences were cloned into a pTacTac-based vector for expression 
of the variant ecotin polypeptides. Expression and purification of the ecotin variants were performed as described (10) . As the biopanning was performed using a library that contained Arg at position 84 (9), all ecotin variants used for initial kinetic analyses harbored the M84R substitution. The variants analyzed were ecotin M84R, ecotin M84R/RRWS (selected from the focused library), ecotin M84R/RRQL (selected from the complete library), and clones that encoded a D70R substitution in addition to the above affinity-selected mutations (i.e. ecotin D70R/M84R, ecotin D70R/M84R/RRWS, and ecotin D70R/ M84R/RRQL). The D70R mutation was selected during the biopanning of the 60s loop and was shown to decrease the K i for uPA (8) . The results of the inhibition assays are shown in Table VII . Surprisingly, the mutants selected by the biopanning of the 100s library were less effective inhibitors of uPA activity than ecotin M84R. Only upon incorporation of the D70R mutation did the K i values drop below the values obtained for the single M84R mutant ecotin.
To assess the validity of the data obtained and to better evaluate the independent contributions of the sites, all mutations were cloned into a vector that encoded Met at position 84 (as in WT ecotin). We reasoned that the higher base-line K i values obtained using ecotin proteins with M84 would allow a more quantitative analysis of the contribution of each loop to binding.
As was found within the M84R background, the RRWS and RRQL variants were poorer inhibitors of uPA than WT ecotin. The loss of inhibition efficacy by the addition of RRWS and RRQL was ϳ6 -10-fold regardless of the amino acid present at position 84. However, comparison of K i values of similar combinations of 60s/100s variants on different position 84 scaffolds yielded several interesting results. The D70R mutation in a WT background was a 45-fold better inhibitor, whereas the D70R substitution resulted in only a 2-fold improvement in background of the more potent M84R inhibitor (Table VII) . However, whereas D70R/RRQL was similar to D70R alone in the wild type background (M84), D70R/RRQL was a potent combination in the M84R background demonstrating added effect of combining selections obtained independently at each loop. Ultimately, the quadruple mutant M84R/D70R/N110R/K112Q resulted in the lowest inhibition constant (50 pM) yet obtained against uPA.
DISCUSSION
Ecotin binds to proteases through unique combinations of interactions between the primary and secondary site surface loops. These surface loops are adapted to the unique features of target proteases by virtue of their intrinsic flexibility and Cterminal hinge which permits relative adjustments between the primary and secondary binding sites by altering the dimer interface. The importance of the unique secondary binding site of ecotin in recognizing and differentiating between target proteases is just beginning to be understood. Through mutagenesis of the 60s and 100s loops, we have investigated the significance of amino acid residues within these loops in the selective inhibition of several proteases, such as rat trypsin and human uPA (8) . In this study we focused on understanding the role of the 100s loop, and its interaction with the 60s and 80s loops, in inhibiting uPA. In addition, we investigated the value of using computational algorithms to predict preferred substitutions that would increase the affinity of ecotin for uPA and decrease the complexity of the phage display library necessary for our studies. A flow diagram of the strategy used to optimize ecotin for inhibition of uPA is depicted in Fig. 4 .
Phage display is a powerful technology that has been used to study and dissect protein-protein interactions (17, 18, 26, 27) , including those between ecotin and target proteases (8, 9) . However, practical considerations impose constraints on randomized polypeptide libraries consisting of more than 4 amino acid residues. These constraints are less problematic with polynucleotide libraries (e.g. SELEX (28 -30) residues in a protein (12 nucleotides) results in 32 4 (ϳ1 ϫ 10 6 ) permutations and five positions results in 32 5 (ϳ3.3 ϫ 10 7 ) permutations. However, if these coding regions are in the form of plasmids they must be transformed into bacteria. Obtaining these numbers of transformants from a ligation reaction can be challenging, even using high efficiency, electrocompetent cells.
By using molecular modeling to predict optimal amino acid residues at specific positions in the molecule, the number of permutations that must be screened (and obtained as transformants) is drastically reduced. In the work presented herein, two libraries were designed and constructed. The complete library contained randomized codons for all four positions. The focused library, based on computer modeling of the most likely strong binders to uPA, incorporated all codons necessary for the translation of ecotins harboring the computer-selected amino acid substitutions at each of the four positions. The focused library represents a 34-fold reduction in library complexity obviating any problems associated with transformation efficiency. In terms of time, the construction of the focused library involved 1/6th of the time commitment when compared with the complete library.
Independent consensus sequences were generated from the two libraries panned. The focused library resulted in the sequence RRWS, whereas the complete library resulted in the consensus sequence R(R/N)QL (with RRWS representing 15% of the clones sequenced). The consensus sequences generated from the uPA biopanning with the libraries revealed that, as predicted by the combinatorial mutagenesis algorithm described in this work, an Arg residue at position 108 is essential in high affinity binding against uPA. Arg-108 is predicted to form an electrostatic interaction with Asp-93 in uPA and has the potential to form hydrogen bonds with the terminal hydroxyl group in Ser-95 and backbone carbonyl oxygens in residues Glu-92, Asp-93, and Tyr-94 as shown in Fig. 3 . The Arg side chain forms close van der Waals contacts with the side chains of Ser-95 and Asp-93 and with the peptide backbone of residues Asp-93 and Tyr-94. Arg or Asn were selected at position 110, as predicted by the computer algorithm. Arg in particular is stabilized by a charge-charge interaction with Asp-93. Asn is predicted to form a hydrogen-bonding interaction with a side chain oxygen from Asp-93. Arg and Asn both have the potential to form a hydrogen bond with the carbonyl oxygen of residue Glu-92.
Unlike positions 108 and 110, positions 112 and 113 showed a codependency pattern among the selected amino acids. Screening of the full library resulted in a preference for a Leu (as in wild type) at position 113. Under these circumstances, a reasonable degree of flexibility is observed at 112. Our results show that whereas position 112 tended to be occupied by positively charged or neutral amino acids, there was a slight preference for Gln. Position 112 is solvent-exposed, therefore favoring charged and polar amino acids. The selection for basic amino acids at this position may be due, in part, to longer range electrostatic interactions with Asp-93 in uPA and Glu-33 in ecotin. Compared with WT ecotin (which has KL at positions 112-113) the substitution of Lys for Gln may therefore promote a tighter interaction between ecotin and uPA while preserving interactions with the solvent.
Screening of the focused library resulted in the selection of the amino acid pair WS at positions 112-113. This amino acid combination also appeared (albeit at a reduced frequency) on the full library screening, thus supporting the uPA-binding potential of this ecotin variant. The codons for Gln (CAA or CAG) and Leu (UUA, UUG, CUU, CUC, CUA, and CUG) were not present at positions 112 and 113 of the focused library, thus explaining the failure of these residues to appear in the variants selected from that biopanning.
The sequences selected from the biopanning experiments were transferred to expression vectors to evaluate the inhibitory potential of these variants against uPA. The present inhibition study has four major components as shown in Fig. 4 . The first is the analysis of proteins that encode the variants selected from the 60s (8) or the 100s loop library biopanning in a protein encoding Met at position 84 (within the primary binding loop). The second is the analysis of ecotin variants (on an M84 scaffold) that combine the variants selected from the 100s loop library biopanning with the variant selected through biopanning of the 60s loop library. The third is the analysis of ecotin variants that combine the variants selected from the 60s or 100s loop with proteins encoding Arg at position 84. Arg was selected upon biopanning of the primary binding site against uPA (9) . Finally, the last part is the analysis of ecotin variants that combine the 100s loop selection and the 60s loop selection in a protein encoding Arg at position 84. The inhibition of uPA by ecotins containing M84 is in the micromolar range, as opposed to the nanomolar range for M84R containing ecotin. The purpose of using the less potent inhibitor for these studies was to allow the generation of more widely distributed kinetic data to better dissect the independent contributions of each libraryselected amino acid substitution.
The results of the inhibition studies show that the preferred binders selected from each of the 100s loop library biopanning experiments were within 2-fold of each other and 6 -10-fold less potent inhibitors of uPA (when compared with the scaffold protein), regardless of the amino acid residue present at position 84. When a Met was present at position 84, RRWS was a better inhibitor than RRQL (consistent with the fact the mod- eling was done using an ecotin scaffold containing Met at position 84). In contrast, when an Arg was present at position 84, RRQL was a better inhibitor than RRWS (consistent with fact the phage display libraries were constructed on an ecotin scaffold containing an Arg at position 84).
Although we do not clearly understand the relationship between many aspects of binding and catalysis or, in this case, binding and inhibition, the phenomena that better binders are not necessarily better inhibitors can be explained by our understanding of the interactions involved in the binding of the protease to the inhibitor. With respect to the RRWS and RRQL inhibitors, we postulate that as these variants bind more tightly at the 100s loop they distort the complex causing inhibitor misregistration at the substrate-binding site. These results bring out another limitation of the phage display technology when applied to the study and selection of better enzyme inhibitors. The technique in essence selects for better binders that are not degraded upon binding the target enzyme, thus eliminating molecules that are substrates. There is currently no phage display methodology that allows for the immediate selection of molecules that are concomitantly better binders and inhibitors.
Inhibition studies using the variant selected during the biopanning of a 60s loop library and the variants harboring the combined second site selections all resulted in better inhibitors than the starting scaffold ecotins. A pattern was observed in which K i values for the variants had the decreasing order D70R/RRWS Ͼ D70R Ͼ D70R/RRQL. Thus, our best inhibitor in either background is that which contains the mutations D70R/N110R/K112Q. The quadruple mutant M84R/D70R/ N110R/K112Q resulted in a K i of 50 pM, the lowest inhibition constant of all mutants analyzed. This result is consistent with previous predictions made by our laboratories which state that the forces involved in ecotin binding to proteases are divided among the four contact sites.
The computational methods we used to design the focused library accurately predicted the amino acid preferences for two of the four sites (108 and 110). Limitations in our scoring function and in how we performed the conformational sampling are the most probable explanations for why we did not correctly predict the amino acid preferences for sites 112 and 113. The force field we used to evaluate binding energies consisted of the non-bonded terms from the AMBER force field, which quantify the energy due to non-directional van der Waals and electrostatic interactions. Directional interactions, such as hydrogen bonding, are not explicitly encoded, and solvation effects are not taken into consideration. The force field favors large, charged amino acids due to the absence of a desolvation penalty; indeed we observed a strong selection for charged amino acids at all four positions. Additionally, the only flexibility allowed in our modeling process was for the side chains of residues 108, 110, 112, and 113. Therefore, small van der Waals clashes with the amino acid side chains or backbone of uPA were not readily resolved.
These limitations directly influenced our predictions. At position 113, for example, the algorithm did not predict the appearance of Ser or Leu and led to the observed preference for large and/or charged amino acids. Similarly, both Glu or Gln at position 112 are favored by the computer algorithm. However, the results from the pairwise calculation show a trend toward selecting amino acid pairs with complementary charges, thus explaining the prediction of a Glu at position 112 next to the Arg at position 110. Again, this is a result of the scoring function used, because such pairs maximize the electrostatic term of the force field. This bias also impacted our prediction at position 113 where 3 of the 5 amino acids predicted were charged. A similar ratio of charged to uncharged amino acids was seen at the other 3 positions, but position 113 (unlike positions 108, 110, and 112) is completely buried and close to 112 at the ecotin-uPA interface in our model. We would therefore expect a substantial desolvation penalty for burying a charged residue at that site, a penalty that was not assessed during the course of our modeling. Incorporating the solvation scoring force field developed by Zou et al. (31) may improve the accuracy of predicting residues for buried sites.
Eight members of the ecotin family have been identified from genomic sequences, permitting one to observe the evolutionary selection of amino acids at the 100s loop. The RNKL tetrad at positions 108, 110, 112, and 113 of ecotin is favored among a number of ecotin homologues from other bacteria (e.g. Salmonella typhi, Salmonella typhimurium, Salmonella paratyphi, Salmonella enteritidis, Yersinia pestis, Pseudomonas aeruginosa, Pseudomonas putida, Klebsiella pneumoniae, and Trypanosoma brucei). All of these homologues have Arg at 108 with the exception of the P. aeruginosa homologue, which has Cys. All have Lys at 112 except the Y. pestis homologue, which has Arg, and the T. brucei homologue, which has a Gln (a residue selected in this study). Position 110 is usually an Asn, and position 113 is usually a Leu. The ecotin homologue of K. pneumoniae is unusual in that it composes the tetrad RKTA, suggesting a different protease target range.
The findings of this study are significant in two ways. First, we have developed a macromolecular inhibitor of uPA that shows 24,000-fold improved inhibition over WT ecotin. This variant, the strongest inhibitor we have developed, is the result of the blending of combinatorial methods and computer algorithms designed to predict the position of important residues at a protein-macromolecular inhibitor interface. Second, by independently screening a complete library and comparing the re- sulting variant with those isolated from the focused library, we have proven that CALD can be effective in isolating strong binders/inhibitors of a protein. The success of this approach opens up the possibility of mutagenizing a larger number of amino acid residues in a single library by obviating the need to represent all possible codons at each amino acid coding position. Understanding deficiencies in protein structure-function models, based on results obtained from CALD experiments, will lead to successive improvements in the ability to predict the effect of amino acid substitution on protein function. Ultimately, only substitutions likely to yield the desired biological effects need be encoded at each position in the library.
